Highly porous microbial aggregates occur in a variety of environments ranging from marine snow in oceans to floes in biological reactors. For permeable aggregates undergoing gravitational settling or subjected to fluid shear, predicted velocities of intra-aggregate flow range from 1 to 100 pm s I. Estimation of intra-aggregate velocities requires spccihcation of the aggregate size, porosity, and permeability, as well as a mean fluid shear rate characterizing the fluid turbulence. We have examined substrate removal by microorganisms in permeable aggregates with an analysis of mass transfer. The overall uptake by bacteria in aggregates can be up to 60% greater than uptake by dispcrscd bacteria. In general, a model of substrate uptake based on advective transport is more appropriate than a model based on diffusive transport for cells in large, permeable aggregates that utilize substrates with diffusivities < 1 Op6 cm2 s-l.
Microbial attachment to surfaces, particles, and other organisms is a ubiquitous phenomenon that has been studied in various environments.
In natural environments bacteria inhabit large, amorphous aggregates that can contain at various times almost every species present in the water column Alldredge 1979) . Large, amorphous aggregates can be composed of bacteria attached to zooplankton fecal pellets, bacteria attached to each other via long polymeric fibers, and bacteria, phytoplankton, and other suspended material ' attached to the cast houses of mucous net feeders (Prezelin and Alldredge 1983; Pomeroy 1984) . In engineered systems, such as wastewater treatment reactors, suspended aggregates (floes) occur as a complex mass of inert particles, bacteria, and protozoa. Microbial aggregation also occurs in pure cultures. In the fermentation industry, routine use is made of yeasts that flocculate to achieve inexpensive separation of biomass from the culture fluid.
The reasons why microorganisms attach I This research was supported by U.S. Environmental Protection Agency (USEPA) grant R-808382 to the University of California at Berkeley. This article has not been subjected to USEPA peer review.
is an active area of research. ZoBell (1943) showed that surfaces readily concentrate bacteria and Jannasch and Pritchard (1972) found that particles introduced into batch cultures could stimulate growth rates. Researchers continue to investigate the association of microorganisms with suspended matter (Melchiorri-Santolini and Hopton 1972) , surfaces (Characklis 198 I) , and other microorganisms (Calleja 1984) . The difficultics in understanding microbial attachment stem from both the multiplicity of attachment mechanisms and a failure to define the nutritional and environmental advantages of attachment.
Large, amorphous aggregates arise from a dynamic balance among coagulation of small particles by fluid shear or differential sedimentation, breakup of larger aggregates, and removal by settling (Hunt 1980; McCave 1984) , although distinguishing mechanisms from field data is difficult. Rising bubbles can also concentrate particles in the water column (Weber et al. 1983 ) and may aid in aggregate formation (Baylor and Sutcliffe 1963; Barber 1966) . Particle collisions will result in the formation of aggregates only if the particles remain in contact. In marine systems, high salt concentrations destabilize particles and allow attachment via compression of the electrical double lay-er (O'Melia 1972 ). In lakes, particle-particle attachment is less efficient but aggregation can be significant in accelerating the removal of nutrients and adsorbed contaminants (O'Melia 1985) . Particles can also be destabilized by neutralizing surface charges with metal ions, for example the autoflocculation of algae in ponds with precipitated calcium phosphate (Sukenik and Shelef 1984) or with organic polymers. Cells of Escherichia coli can attach to each other via a pilus or by a glycocalyx of fibers (Costerton et al. 1978 ); E. coli also can attach to the rumen on a calf by any one of several physiologically distinct pili (Costerton 1984) . In activated sludge processes, cell-cell attachment, or bioflocculation, has generally been considered to occur via secreted extracellular polymers that act either as bridges or via charge neutralization (Busch and Stumm 1968; Harris and Mitchell 1975; Treweek and Morgan 1977) .
Bioflocculation is under genetic control (Stewart and Russell 1977; Johnston and Oberman 1979) and may only be expressed in specific environmental conditions. Active attachment must presumably result in some benefit to the microorganism for this characteristic to be included in its genetic makeup. Logan (1986) summarized the benefits of microbial growth in aggregates within four categories for both natural and engineered systems. First, the aggregate may form a microhabitat (Alldredge 1976) allowing interactions between microorganisms based on mutualism, commensalism, parasitism, and the exchange of genetic material (Calleja 1984) . Second, growth within an aggregate may provide protection from some bacterivores, such as ciliates unable to scrape bacteria from surfaces (Curds 1982) . Since aggregates can also serve as a food source to filter feeders (Baylor and Sutcliffe 1963; Kuznetsova et al. 1984) , the extent of such protection is questionable. A third advantage of growth within an aggregate may be organism selection by increased residence time in incompletely mixed systems. In engineered bioreactors, flocculent cells with large settling velocities will be selected over dispersed cells in settling tanks and recycled back into the reactor.
The fourth proposed advantage of bioflocculation is that it can increase nutrient uptake through attachment to organic materials, increased availability of organic matcrials at surfaces, and improved mass transfer. Heterotrophic bacteria degrade and decompose organic matter, so attachment to zooplankton feces, lysed phytoplankton, or other particulate organic matter clearly provides increased substrate availability to attached microorganisms capable of digesting those substrates. ZoBell(1943) and Kjellcbcrg et al. ( 1983) speculated that nonnutritive surfaces concentrate dilute substrates. An increased availability of substrate would result in enhanced microbial growth at surfaces when compared to growth of dispersed cells, assuming growth is proportional to substrate concentration. Although this reasoning may explain the initial colonization of surfaces, it does not address the possibility of increasing substrate availability to organisms within aggregates and biofilms. Most microorganisms in a biofilm are not attached to the surface; they arc attached to other microorganisms.
Furthermore, the aggregation of pure and mixed cultures of microorganisms results in aggregates that are unattached to surfaces, which suggests that growth in an aggregate is advantageous in the absence of fixed surfaces.
The mass transfer advantages to growth within aggregates having advective flow is a relatively unexplored area of research. There is a general consensus in the literature that substrate transport to cells within aggregates is dominated by molecular diffusion and not by fluid motion through the aggregate (Bailey and Ollis 1977; Karel et al. 1985) . Diffusive transport models have been supported because they could be fitted to experimental data. However, Logan and Hunt (1987) showed that a model based on the dominance of advective flow over diffusive transport can also be fitted to data. Furthermore, bioflocculation has been consistcntly observed to occur under conditions of declining or endogenous growth when substrate nears depletion (Stanley and Rose 1967; Busch and Stumm 1968; Pavoni et al. 1972; Wu 1978; Marc et al. 1983) . Since a diffusion model predicts decreased substrate availability to cells within aggregates, it implies that cells respond to starvation by a method which further decreases substrate availability and increases starvation. Since cells utilize energy to form extracellular polymers for attachment, it is likely that there is some advantage to aggregation and attachment during substrate-limited growth.
Although there are methods to predict the magnitude of advective flow through pcrmcable aggregates, there have been no attempts to consider the benefits of increased mass transfer to cells in permeable aggregates. Our purpose here is to estimate the magnitude of advective flow through settling aggregates and aggregates in fluids with low shear rates and to examine whether the uptake rates of cells in aggregates can be greater than the uptake rates of dispersed cells.
We thank T. C. Granata for discussions on particle sinking and nutrient dynamics in marine systems.
Intra-aggregate flow rates and settling velocities
Aggregates undergoing gravitational settling-Several researchers have examined the settling velocities of aggregates in marine systems but have not considered advective flow through them. Kajihara (197 1) measured the settling velocities of resuspended aggregates of radius 50 5 af I 500 pm and determined that the settling velocities of the aggregates could be correlated with aggregate radius via v(m d-l) = 4.5~J).~', where asis in ,um. Gibbs (1985) resuspended aggregates of size 10 I as I 100 pm and correlated settling velocity with aggregate radius via v(m d-l) = 1.95aj'.78. Since the settling velocity is not dependent on the square of the size, as expected from Stokes' law, these empirical results indicate that aggregate density decreases with increasing size and aggregate porosity increases with size.
If an aggregate is highly porous, fluid streamlines will penetrate the aggregate resulting in advective flow through it (Scheidegger 1957; Nealeetal. 1973 Adler ( 198 1) and is a function of the dimensionless variable t = q(K)-", where K is the aggregate permeability. The aggregate permeability can be determined from the aggregate porosity with a Davies correlation (Masliyah and Polikar 1980) :
CYl where acy, is the radius of a thin cylinder or filament composing an aggregate and p is the aggregate porosity, which is the fraction of void volume within an aggregate. Experiments by Matsumoto and Suganuma (1977) on steel-wool aggregates and by Masliyah and Polikar (1980) for a rigid plastic aggregate have verified the use of the Davies correlation in predicting settling velocities of highly porous aggregates.
The permeable settling velocity in Eq. 1 is obtained with the relationship presented by Matsumoto and Suganuma (1977) where E0 is a function of the dimensionless variable E as tabulated by Adler (198 l) , and G is the fluid shear rate. For 6 5 10.9, advective flow within aggregates is possible and for [ > 10.9, the intra-aggregate velocity is zero and only diffusive transport occurs.
For turbulent fluids the mean shear rate is determined from the power input to the fluid per unit volume of fluid, according to % (7) where u is the kinematic viscosity and E the turbulent kinetic energy dissipation rate per unit mass. Mourn and Caldwell (1985) Aggregate properties-Large, amorphous aggregates vary considerably in size, composition, and porosity. Due to the difficulty of sampling such fragile structures (Jannasch 1973; Dickson and McCave 1986) , aggregate size distributions in marine systems are not well classified. Trent et al. (1978) have shown that diver-and bottlecollected snow samples arc considerably smaller than aggregates observed by divers in the field; field observations averaged 0.3-4.3 cm long vs. < 50 pm for laboratory analysis of samples (Riley 1970) . Hobson (1967) found that 90% of particles with diameters ~2 pm were in the interval 8-44 pm, but since a 100~pm orifice tube was used in the Coulter Counter, it is highly unlikely that larger, fragile aggregates could be sized (Hunt 1982; Gibbs 1985) . Sheldon et al. (1972) hypothesized that roughly equal mass concentrations of all particulate material in oceans are in the size range from 1 to lo6 pm and predicted l-mm-sized aggregate concentrations of 2 m-3. Recent work on aggregate sizes has focused on larger ones. Honjo et al. (1984) developed a system that can bc deployed from shipboard to photograph aggregates ~0.2 mm in diameter and found concentrations of several thousand aggregates per cubic meter near the surface and fewer at depth. Alldredgc (1976) observed that organic aggregates produced by discarded appendicularian houses reached densities of 44-1,130 m-3 in the Gulf of California, although the aggregates constituted < 5% of the total particulate carbon. If we assume equal masses of organic materials per log size division, after the work of Sheldon et al. (1972) , smaller aggregates must be numerically dominant compared to larger aggregates. Given the uncertainties in marine particle size distributions, individual aggregate densities, and composition, calculations will be developed for aggregates with radii in the range from 10 to 1,000 pm. Once aggregate characteristics are better measured, the analysis presented herein can be extended to aggregate size distributions.
The literature provides a wide range in estimates of aggregate porosities. Marine snow particles up to 1 mm in diameter are reported to be about 99.3% porous (Alldredge 1979; Kajihara 197 1). Shown in Table 1 are porosities selected from the literature for activated sludge floc, Zoogloea ramigera floes, mold pellets, and computergenerated model floes comprised of l-pm (radius) primary particles -all of 1 00-pm radius. Although a considerable range in reported porosities exists, one common feature of the available data is high porosity. Aggregate porosities can be ranked roughly as biofilms 2 mold pellets and activated sludge floes I marine snow. The density of an aggregate is likely a function of the sizes and densities of aggregate constituents and conditions under which the aggregate was formed, such as coagulation in a shear field or collection by a bubble. Marinc snow may Smith and Coakley 1984 Mueller et al. 1966 Mueller et al. 1967 Yano et al. 1961 Tambo and Watanabe 1979 Goodarz-Nia 1977 Logan 1986 This studv have constituents that range in size from submicrometer clay particles to algal cells with diameters of 100 pm or more (Silver and Alldredge 198 1) . Alldredge ( 1979) has observed aggregates formed from discarded appendicularian houses typically 3-20 mm long and feeding webs of gastropod larvae 50-60 mm long. Due to filamentous backbones, activated sludge floes may have morphologies ranging from unraveled thick cords to thick clusters with spiny protrusions. Pure cultures of zoogleal cells as well as inorganic aggregates are highly porous and vary in shape from spherical to elongated with many protrusions (Mueller et al. 1968 ).
An aggregate in this study is envisioned as a long chain of spherical particles strung like beads on a thread. This strand is then wound up into a spherical porous aggregate that has an overall appearance similar to a steel-wool pad. The porosity of an aggregate increases with aggregate size according to the equation
where b and d are empirical constants (Yano et al. 196 1; Magara et al. 1976) . The data of Tambo and Watanabe (1979, their figure   14 ) can be used to estimate d = 1.6. Choosing a porosity of 0.4 for an aggregate of radius 5 pm results in
where afis in pm. A 1 OO-pm aggregate composed of particles 1 pm in radius is predicted by Eq. 9 to have a porosity of 0.995, which is within the range of values shown in Table  1 . This simplified structure of an aggregate restricts the scope of the analysis to highly porous aggregates typical of marine systems and to floes in pure bacterial culture.
Mass transfer to cells
In natural and engineered systems, the only factor that consistently induces microbial aggregation is low substrate availability to cells (Calleja 1984) . Furthermore, at low substrate concentrations there is evidence that suggests uptake is mass-transfer limited since uptake is dependent on the fluid environment around the cell. Gavis (1976) discussed how fluid motion could increase mass transfer rates to phytoplankton.
Pasciak and Gavis (1975) found that phosphorus uptake by Ditylum brightwelli could be increased by increasing the fluid shear rate of the reactor. Borkowski and Johnson (1967) showed that increased bioreactor agitation lowered steady state concentrations of dissolved oxygen when the yeast Candida utilis was grown without gas bubbles. Canelli and Fuhs (1976) demonstrated that phosphorus uptake by Thalassiosirajluviatilis diatoms fixed on filters increased with fluid velocity. Audit et al. (1984) found a 130% increase in respiratory activity of the bacteria Nitrobacter winogradskyi attached to particles in a porous medium compared to freely suspended cells. The fluid environment of the cell can therefore influence substrate uptake rates, and this influence can best be examined through a mass transfer analysis. Typical enzymatic uptake models, such as the Michaelis-Menten model, completely neglect liquid phase mass transfer resistance and cannot account for the above observations. The mass transfer model developed below predicts substrate uptake from cell and substrate sizes, the fluid environment of the cell, and the surface coverage of uptake enzymes on a cell.
Mass transfer to single cells-In this study, a cell is conceptualized as a sphere partially covered by enzymes for substrate uptake. The rate of mass transfer to a single spherical cell, Qce,, (mass per time), is Qcell = kAcEB(c -cs) (10) where k is a mass transfer coefficient, A, is the surface area of the cell, En is the fraction of the cell surface containing transport enzymes for the limiting substrate, and C, is the concentration of substrate at the cell surface. If enzymes and membrane transport systems instantaneously bind any substrate that is near the surface, then the concentration of substrate at the cell surface is zero. The mass transfer coefficient can be expressed in terms of the dimensionless Nusselt number based on the sphere radius a, and the substrate diffusivity, D (Nu = ka,lD). Following the argument of Batchclor (1979), we define the Nusselt number such that Nu 2 1, with Nu = 1 corresponding to mass transfer by molecular diffusion. The Nusselt number can be viewed as the ratio of mass transfer to a cell in some fluid dynamic regime to mass transfer by diffusion alone. Writing Eq. 10 in terms of a Nusselt number and the cell radius, and assuming C, = 0, yields
which is similar in form to the solution prescnted by Levich (1962) for mass transfer to a particle. The rate of substrate disappearance from solution, dC/dt, is the cellular uptake rate from Eq. 11 multiplied by the cell number concentration, N,, or
where the minus sign accounts for the direction of substrate flow. The first-order uptake parameter in Eq. 12 is k = 4nE,ja,NuDNc,
which can also be derived from the coagulation of substrate molecules with ceils (Logan 1986). Subscripts on k and the Nusselt number arc used to indicate the specific flow field of the cell.
To determine the effect of fluid environment on the rate of substrate uptake by cells, we require Nusselt numbers for cells fixed in a flow of velocity u (Nu,) and for cells suspended in shear flow (NuG). The Nusselt number for a sphere in laminar shear flow was developed analytically by Frankel and Acrivos (1968) as Nu, = 1 + 0.26Pe," Pe, < 1 (14) where Pe, = a2GID. Batchelor (1980) derived a Nusselt number for a sphere in turbulent fluid Nu, = 1 + 0.55Pe," PC, I+ 1. (15) The calculations used in this study frequently require Pcclct numbers on the order of unity, which is in a region not accurately defined by either Eq. 14 or 15. For Peclet numbers in the range of 0.1 I Pe, I 10, the value of the Nusselt number is obtained by interpolation between Pe, = 0.1 in Eq. 14 and Pe, = 10 in Eq. 
as empirically developed by Brian and Hales (Sherwood et al. 1975 ) with the Pcclet number defined here as PC,, = a,ulD.
The rate of mass transfer to a cell as a function of fluid environment can now be calculated with the appropriate Nusselt numbers in Eq. 11 for three different fluid environments: a cell in a stagnant fluid, a cell in sheared fluid, and a cell fixed in a flow field of velocity u. Mass transfer to a cell within an aggregate permeable to advective flow can also be analyzed. The rate of mass transfer to a cell in an aggregate, Q agg, is calulated with Eq. 11 and 17 where the cell is assumed to be fixed in an intraaggregate flow of magnitude u obtained for aggregates at two different primary particle densities (Eq. 1) and sheared aggregates (Eq. 6): The ratio of the rate of mass transfer to a cell in an aggregate vs. a dispersed cell (&,) , when both the aggregate and the dis- (5 a (20) where 'P, is a dimensionless, advective Thiclc modulus given by ( 
21)
The ratio of Nusselt numbers in Eq. 20 accounts for the different fluid mechanical environment experienced by cells inside an aggregate compared to freely dispersed cells. The second factor, containing a Thiele modulus, accounts for substrate depletion during flow through the aggregate. Recognizing that cell concentration within the aggregate is 3( 1 -p)/4raC3, Eq. 13 provides an expression for the uptake rate parameter, k,, with- 
Substrate d@usivity and collector eficiency-In pure cultures of bacteria, bioflocculation has been shown to occur as a function of media composition (Mill 1964; Krul 1977a,b) . In natural and engineered systems, dissolved organic materials are composed of a variety of compounds ranging from small molecules, such as amino acids and fatty acids, to large molecular weight compounds such as proteins and polysaccharides (Levine et al. 1985) . This study considers a range in substrates from low molecular weight compounds such as amino acids and glucose, where molecular diffusivities are on the order of lop5 cm2 s-l, to macromolecular substrates with diffusivitics of lo-' cm2 s-l and an approximate molecular weight of 20 x 10' (Polson 1950) . A comparison of molecular weights with diffusivities is shown in Table 2. A value of the collector efficiency, E,, must be determined for use in this study and examples from the literature indicate that the value of E, varies for different sub- strates. Canelli and Fuhs (1976) showed that phosphorus uptake by the diatom T. fluviatilis was mass transfer limited, but the uptake rate was only 2.5% of the mass transfer rate to an equivalent sphere, indicating an overall uptake efficiency of E, = 0.025. On the basis of the maximum growth rates of E. coli (doubling time of 15 min), a value of E, = 0.0035 was calculated for glucose uptake (Logan 1986 ). Procaryotes evidently do not possess the enzymes to consume whole macromolecules; substrates of this size must be cleaved by hydrolysis into smaller fractions for passage into the cell (Payne and Gilvarg 1978) . Calibration of a biofilm model by Logan ( 1986) also arrived at E, = 0.0035, which was assumed to reflect a hydrolysis pathway for macromolecular uptake. A value of E, = 0.0035 is used throughout this study and a sensitivity analysis shows that substrate depletion is minimal during flow through an aggregate when En I 0.01 (Logan and Hunt 1987) .
Results
The predicted settling velocities of permeable and impermeable aggregates are compared in Fig. 1 with the settling velocity correlations presented by Gibbs ( 198 5) and Kajihara (197 1) . When primary particles comprising the aggregate are assumed to have a density of 2.65 g cm-3 and a radius of 1 pm, the settling velocities of permeable wiwgates (vpcrm) are within an order of magnitude of the settling velocities observed by Kajihara and Gibbs for aggregates that were mainly composed of clays and other minerals. The settling velocity of the same aggregate, assuming the aggregate is imperme- (vi,,,,) aggregates compared to settling velocities of marine snow reported by Kajihara (1971) and Gibbs (1985) : solid lines--p, = 2.65 gem-3; dashed lines--p, = 1.06 'g cm-3.
able, is also shown in Fig. 1 . According to Stokes' law the settling velocity of an impermeable aggregate is proportional to the aggregate density difference, Ap, and the aggregatc radius squared (Eq. 4). For the assumed density difference (Eq. 5) and aggregate porosity relationship (Eq. 9), it results in the settling velocity of an impermeable aggrcgatc proportional to ap.4. For a permcable aggregate, the settling velocity is proportional to afo.44; the predicted settling velocities of the impermeable and permeable aggregates are therefore very similar. The settling velocities measured by Kajihara and Gibbs are proportional to af5' and ap.78 and indicate significant increases in porosity with aggregate size. The measured settling velocities are greater than calculated for mineral particles, probably because primary particle sizes were > 1 pm.
The predicted settling velocities of aggrcgates composed only of particles with densities about equal to microbial densities of 1.06 g cm-3 differ substantially from obscrvations by Gibbs (1985) and Kajihara (197 1) . This departure is expected since aggregates analyzed by Gibbs and Kajihara were primarily composed of minerals. Hunt and Pandya (1984) determined the settling velocities of sewage sludge aggregates in artificial seawater to be in the range of 2-l 0 m d-l for shear rates of 0 I G I 8 s-l. These settling velocities are larger than those predicted for bacterial floes in Fig. 1 , but direct comparison with the results of Hunt and Pandya is not possible since they did not measure aggregate size or porosity. Although the predictions of aggregate settling velocities could be adjusted to agree with a particular set of data, the wide range in settling velocities reported by Kajihara (197 l) , Hunt and Pandya (1984) , and Gibbs (1985) does not allow one to determine which parameters should be adjusted. It can be seen in Fig. 1 that for the assumed aggregate compositions, the effect of intra-aggregate flow on altering predicted aggregate settling velocities is negligible in both cases. velocity of this aggregate is only 1 m d-* (12 pm s-'). Fluid velocities induced through permeable aggregates by fluid shear are not dependent on primary particle densities. For a mean shear rate of G = 0.44 s-l, intraaggregate velocities up to 80 pm s-l are predicted-similar in magnitude to intraaggregate velocities predicted for settling mineral aggregates. The intra-aggregate velocities predicted at the lower shear rate (0.15 s-l) are greater than those predicted for the settling organic aggregates, indicating that fluid shear may result in more advective flow through the aggregate than possible from gravitational settling. There is no intra-aggregate fluid flow through sheared aggregates < 20 ,um in radius because E, is zero (4 2 10.9) with the analysis presented in Eq. 6 from Adler (198 1). The intra-aggregate velocities predicted Equation 18 is used to examine the effect for settling aggregates composed of mineral of the fluid environment and substrate difand organic primary particles and for fusivity on uptake in Figs. 3 and 4 . The rate sheared aggregates are shown to increase of mass transfer to a cell fixed in a settling with aggregate radius in Fig. 2 . For the mineral aggregate (Qagg) vs. a dispersed cell heavier mineral aggregates, an intra-aggre-(Qshear) is calculated as a function of aggregate velocity of 100 pm s-1 is predicted for gate radius and substrate diffusivity as shown a l,OOO-pm aggregate. For the organic ag-in Fig. 3 . For substrates with diffusivities of gregates, the predicted intra-aggregate ve-1O-5 cm2 s-l, such as an amino acid, the locities for large aggregates are < 2 I.crn s-l; rate of mass transfer to a cell in an aggregate a low value is expected, since the settling is not predicted to increase substantially via 5 2 8 0"
10s6cm2s-' 10-5cm2s-1 0.5 0. 01 , ,,,,,,,, , ,,,,,,,, , ,,,,,,,, , ,r, lo' 10' IO" IO" AGGREGATE RADIUS pm intra-aggregate flow. At a diffusivity of lo-' 2.0 cm2 s-l, the rate of substrate uptake by attached cells in settling aggregates is predicted to be up to 70% larger than the rate of substrate uptake by dispersed cells. The 1.5 -rate of mass transfer to a cell in a sheared aggregate is compared to the rate of mass transfer to a dispersed cell in Fig. 4 . The $ QT B overall increase in substrate transfer to cells in sheared aggregates is similar to that in mineral aggregates settling through water, since the intra-aggregate velocities in these two instances are similar. When the intraaggregate velocity approaches zero at smaller aggregate sizes, Eq. 18 simplifies to Qagg/ Qshcar = Nut;-', which is less than unity.
Aggregates ~20 pm in radius have no advective flow so that uptake rates by dispersed cells are predicted to be greater than uptake by aggregated cells. An advective relative uptake factor was presented based on the assumption that the aggregate Peclet number was much larger than unity or that advective transport is much greater than diffusive transport. On the basis of a Peclet number of unit, a critical intra-aggregate velocity (Ucril) is D Ucril = 7 *
When intra-aggregate velocities are much greater than the critical velocity, the advective effectiveness factor analysis is justifiable, and substrate advection through an aggregate dominates over substrate diffusion. For fluid sheared at 0.44 s-l, aggregate radii 2 100 pm have substrate transport dominated by advective flow at the largest diffusivity of 10L5 cm2 s-l. Since settling aggregates composed of mineral grains have similar intra-aggregate velocities (Fig. 2) , the same approximate range of dominance holds. For organic aggregates, induced settling velocities are sufficiently low that advective transport dominates only for aggregates Z+ 500 pm for D = lop5 cm2 s-l. For a diffusivity of 1 O-7 cm2 s-l, transport within settling organic aggregates >40 pm is dominated by advective flow.
The effect of substrate depletion is shown in Figs. 5-7 for settling and sheared aggregates by using the relative uptake factor for diffusive and advective transport to cells within aggregates. The advective relative uptake factor analysis assumed that advective transport is much larger than diffusive transport. As a result, advective relative uptake factors are not plotted when the advective relative uptake factor is less than a diffusive relative uptake factor. As shown in Fig. 5 , the uptake by cells attached to a 1 ,000~pm organic aggregate undergoing settling is only 2.5% greater than freely dispersed cells sheared at 0.44 s-l, assuming a substrate diffusivity of D = lo-' cm2 s-l. For aggregates < 100 pm, the diffusive flux of substrate to the aggregate is larger than the advective flux, in agreement with the order-of-magnitude analysis presented earlier. Similar ratios of relative uptake are shown in Fig. 6 for uptake by permeable aggregates compared to uptake by dispersed cells for a fluid shear rate of 0.44 s l and a substrate diffusivity of 1O-5 cm* s-l. However, for substrate diffusivities of lo-' cm2 s-l (Fig. 7) , the overall uptake by cells in sheared aggregates is predicted to be almost 60% greater than the uptake by dispersed cells for an aggregate radius of 1,000 pm. Since similar intra-aggregate velocities were predicted for settling mineral aggregates and for aggregates at a fluid shear rate of 0.44 s-l, the results in Fig. 7 also indicate that overall uptake by cells in permeable aggre-strate availability compared to dispersed gates at predicted settling velocities and rea-cells. By combining empirical information sonable shear rates would be greater than on aggregate porosity and permeability along uptake by dispersed cells for substrates with with mass transfer coefficients for cells in small (1 O-' cm2 s-l) diffusivities.
sheared and settling environments, a relative uptake factor can be calculated to show Discussion that microbial association in some aggreIn natural environments, rarely are all the substances necessary for microorganisms present in concentrations sufficient to sup-2.0 port maximal growth rates. Microbial competition for limited substrate has resulted in the evolution of strategies to increase substrate uptake, such as multiple enzymatic gates was more advantageous than freely dispersed growth. For the specific conditions adopted here, microbial association in aggregates was favorable for aggregates > 100 pm and for macromolecular substrates with diffusivities < 1 Oe6 cm2 s-l. Although the numerical results are not specific to a particular class of aggregates found in natural waters, the analysis is sufficiently general to allow application to specific aggregates once they are adequately characterized. The assumed primary particle density and size and resulting aggregate settling velocities are within the range of those measured in natural waters.
For simplicity we used two primary particle densities to span the range of aggregate densities. Additionally, only aggregates composed of particles 1 pm in radius were considered, since the intent was to study bacterial aggregates. For aggregates observed by Silver and Alldredge (198 I) , heterotrophic bacteria with an average radius ~0.4 pm were numerically dominant ( lo5 ml-'), but they were a minor fraction of the biomass. These aggregates also held many fecal pellets ~50 pm in diameter. To analyze uptake by microorganisms in heterogeneous aggregates, future investigators should consider primary particles larger than the 1 -pm particles we used. If we assume that the size-porosity relationship in Eq. 9 remains unchanged, larger sized primary particles would result in aggregates that should sink faster and have greater intraaggregate flow rates than the aggregates we analyzed (Logan 19 8 6) .
The predicted sinking rates of lo-50 m d-l for 100-p m and larger inorganic aggregates plotted in Fig. 1 agree with measured sinking rates for snow samples in neritic waters (Alldredge 1979) , pelagic waters (Shanks and Trent 1979) , and the deep sea (Silver and Alldredge 198 1) . Shanks and Trent (1980) observed in situ an average sinking velocity of 68 m d-1 over the radius range of 500-8,000 pm. They noted that aggregates collected and transported to the laboratory broke and compacted, resulting in significantly greater settling velocities. The sinking rates of lo-70 m d-l measured by Gibbs (1985) in the laboratory and the correlation with size plotted in Fig. 1 may therefore be ,higher than in situ rates. For an undisturbed larvacean house, Silver and Alldredge ( 198 1) observed a sinking rate of 57 m d-l. The correlation of aggregate porosity with size adopted in Eq. 9 appears reasonable and defines the flow field external to a settling aggregate.
The magnitude of intra-aggregate velocities induced by settling and fluid shear cannot be compared with experimental data, and predicted flow velocities are very sensitive to porosity and permeability functional relationships. Although the relationship between porosity and permeability is not well defined for fragile aggregates, the experimentally supported Davies correlation (Eq. 2) adds credence to the current argument that intra-aggregate flows through settling and sheared aggregates are significant. Previous calculations by Sutherland and Tan (1970) with a permeability function not supported by experimental data indicated insignificant intra-aggregate flow during settling.
Within the biochemical engineering literature, models of substrate uptake for microbial aggregates have been based almost exclusively on diffusive transport, although there is experimental evidence that implicates advective flow through these aggregates in intensely mixed bioreactors. In the application of diffusion models, molecular diffusivities within aggregates are adjusted so that predicted rates of aggregate uptake rates agree with those measured. Several researchers have reported substrate diffusivities greater than molecular diffusivities and have attributed these results to penetration of bulk fluid into the aggregate (Yoshida et al. 1967; Ho et al. 1984; Wittler et al. 1986) .
Direct verification of the predicted advantage of microbial association in large aggregates will be difficult experimentally. Since large aggregates arc extremely fragile, conventional sampling, storage, and laboratory techniques cannot duplicate the low shear conditions found in natural waters. Standard procedures for sample mixing during uptake experiments would drastically reduce aggregate sizes and porosities, which could potentially shift the relative uptake factor for aggregated cells from a favorable environment (ya > 1) to an unfa-vorable one in smaller aggregates (ya or 7d < 1) as predicted in Figs. 5,6, and 7. If uptake experiments on attached or aggregated cells are performed with low molecular weight substrates such as amino acids or glucose (Bright and Fletcher 1983; Kirchman and Mitchell 1982; Kirchman 1983) , disadvantageous association within an aggregate is expected from Fig. 6 . Alternatively, if the natural substrates are macromolecular, then microbial association within the aggregate is favorable to growth under identical fluid flow regimes.
Oceanic particles are known to exist as aggregates through various biological and nonbiological processes and the consequences of this aggregation have not been fully explored. The highly porous nature of aggregates is recognized in measured settling velocities that have a size dependence much less than predicted by Stokes' law for solid particles. Models for particle dissolution, contaminant exchange, and microbial uptake have not accounted for the large surface area internal to the aggregate and the fluid flow regime unique to such structures in weakly turbulent fluids. This paper has only addressed the consequences of aggregate porosity and intra-aggregate fluid flow related to microbial substrate supply. The increased uptake of dissolved substrate by cells in aggregates, compared to dispersed cells, provides a physical explanation for unattached microbial growth. It is hoped that a clearer definition of the specific constituents of dissolved and particulate matter will result in a better understanding of the benefits of microbial attachment and aggregation in aquatic systems.
